Cell extracts of Bacillus licheniformis were found to contain nicotinamide adenine dinucleotide (NAD)-dependent L-alanine dehydrogenase (ADH) (Lalanine:NAD oxidoreductase, EC 1.4.1.1)'. High specific activities (3.5 to 6.0 IU/mg of protein) were found in extracts of cells throughout growth cycles only when L-alanine served as the primary source of carbon or carbon and nitrogen. The energy and the carbon skeletons necessary for synthesis of spore structural components in Bacillus licheniformis are thought to be derived from endogenous amino acids and from compounds released by lysed cells into the medium during growth (16) . L-Glutamate and L-alanine have been shown to comprise 60 to 90%o of the endogenous amino acid pool in vegetative and sporulating cells of this organism (1). The total, intracellular pool of amino acids increases during exponential growth and then rapidly decreases during postexponential-phase metabolism (4). The relative proportion of alanine in the intracellular amino acid pool is low during exponential growth, but increases in postexponential-phase cells to become the major constituent of the pool at a level of 40% (4). However, the proportion of alanine in the total (intracellular plus extracellular) amino acid pool decreases significantly during postexponential-phase metabolism (4).
The energy and the carbon skeletons necessary for synthesis of spore structural components in Bacillus licheniformis are thought to be derived from endogenous amino acids and from compounds released by lysed cells into the medium during growth (16) . L-Glutamate and L-alanine have been shown to comprise 60 to 90%o of the endogenous amino acid pool in vegetative and sporulating cells of this organism (1) . The total, intracellular pool of amino acids increases during exponential growth and then rapidly decreases during postexponential-phase metabolism (4) . The relative proportion of alanine in the intracellular amino acid pool is low during exponential growth, but increases in postexponential-phase cells to become the major constituent of the pool at a level of 40% (4) . However, the proportion of alanine in the total (intracellular plus extracellular) amino acid pool decreases significantly during postexponential-phase metabolism (4) .
There is considerable experimental evidence that a functional tricarboxylic acid cycle is necessary for sporulation in B. subtilis (6, 15) . The mechanism of entry of amino acid carbon skeletons into the tricarboxylic acid cycle for the generation of energy and for initiation of gluconeogenesis is not clear. L-Alanine dehydrogenase (ADH) (EC 1.4.1.1) may be a key enzyme in the catabolism of L-alanine to pyruvate and may be required for further catabolism of alanine by the tricarboxylic acid cycle. McCormick and Halvorson (10) have reported minimal levels of ADH activity during sporulation in B. cereus, whereas Buono et al. (2) observed that ADH activity was high during vegetative growth and increased more than twofold during sporulation in this organism. O'Connor and Halvorson (12) demonstrated that ADH from B. cereus deaminated L-alanine to form pyruvate, although equilibrium favored the formation of alanine. Hong et al. (7) detected ADH activity in vegetative cell extracts of B. subtilis, B. mycoides, B. megaterium, B. brevis, and B. anthracoides.
ADH has been partially purified from cell extracts of B. subtilis (14, 15) and B. cereus (11, 12) . We report evidence for nicotinamide adenine dinucleotide (NAD)-dependent ADH activity in B. licheniformis. Some kinetic properties of the partially purified enzyme from B. licheniformis and the regulation of synthesis of this enzyme during growth and sporulation will be described. ( and prepared as described previously (13) . Unless otherwise specified, the concentrations of the various carbon and nitrogen sources were as follows: glucose, 15 mM; malate (Na+), 20 mM; NH4Cl, 10 mM; L-glutamate (Na+), 50 mM; Casamino Acids, 0.3%; L-alanine (Na+) 40 mM; plus pyruvate (Na+), 2 mM.
Strain A-5 grew very poorly,when 40 mM L-alanine was employed as the sole source of carbon and nitrogen. Good growth (both rate and extent) was achieved upon the addition of either 2 mM pyruvate or 5 mM L-glutamate to the medium. Pyruvate (2 mM) alone did not support growth of the organism.
Therefore, T-salts medium always contained 2 mM pyruvate when L-alanine served as the primary source of carbon and nitrogen in these experiments.
Starter cultures werxe prepared by the germination of approximately 4 x 107 spores per ml of the appropriate T-salts medium, followed by growth at 37 C for 16 h. One-liter volumes of medium in 2.8-liter Fembach flasks were inoculated with 50 ml from a starter culture grown in homologous medium, and incubated aerobically at 37 C on a rotary shaker. Cell growth was measured with a Bausch and Lomb Spectronic 20 colorimeter at a wavelength of 540 nm. Disappearance of D-glucose from the medium during growth of the organism on T-salts-glucose-ammonium medium was measured enzymatically (Glucostat Enzyme Reagent, Worthington Chemicals, Freehold, N.J.). The formation of heat-resistant spores in cultures was determined by plating appropriate dilutions of pasteurized (65 C, 2 h) culture samples on nutrient agar.
Enyme assay. ADH (EC 1.4.1.1) activity was determined spectrophotometrically by measuring the oxidation of reduced NAD (NADH) at a wavelength of 340 nm. Unless otherwise specified, the standard reaction mixture contained the following in a total volume of 3.0 ml: tris(hydroxymethyl)aminomethane (Tris)-hydrochloride (pH 8.0), 50 mM; 2-mercaptoethanol (2-ME), 5 mM; sodium pyruvate, 16 supernatant fractions of cells ruptured by sonic oscillation were employed as "crude extracts" throughout this study. Under these standard conditions, the initial velocity of the reaction was directly proportional to protein concentration. Initial velocities for the reverse reaction (oxidative deamination of Lalanine) were determined by replacing pyruvate, NH4Cl, and NADH with 35 mM L-alanine and 0.3 mM NAD+ in the standard reaction mixture. Protein concentration in extracts was estimated by the method of Lowry et al. (9) , with crystalline bovine serum albumin as the standard.
Enzyme purification. B. licheniformis was cultured in T-salts medium containing 40 mM L-alanine plus 2 mM pyruvate, and late exponential-phase cells were chilled with ice and harvested. Cells from 4 liters of culture were washed twice with 500 ml of ice-cold 0.1 M Tris-hydrochloride (pH 8.0) containing 10 mM 2-ME. All steps of the enzyme purification were conducted at 0 to 5 C unless otherwise stated. The packed, washed cells were suspended in 20 to 30 ml of fresh buffer and ruptured with a Biosonik Type Im sonic oscillator. Two portions of the suspension (10-to 15-ml each) were each subjected to five 20-s sonic treatments with 30-s intervals between each burst to minimize warming of the extract. The suspension of ruptured cells was centrifuged at 105,000 x g for 2 h in a Beckman L2-65B preparative ultracentrifuge, and the supernatant fraction (crude extract) was collected.
Solid (NHJ),SO4 was added to the crude extract with constant stirring until the concentration reached 45% of saturation. After 1 h of stirring, the suspension w#s centrifuged at 35,000 x g for 20 min and the supernatant fraction (Sup I), which contained essentially all of the ADH activity, was collected. Solid (NHj),SO4 was added to the SUP I fraction until the concentration reached 75% of saturation. After 1 h of stirring, the precipitated protein (Pel II) was collected by centrifugation at 35,000 x g for 30 min, suspended in 5 ml of 0.1 M Tris-hydrochloride (pH 8.0) containing 10 mM 2-ME, and dialyzed for 10 h against 1,500 ml of the same ice-cold buffer.
A column (2.5 by 23 cm) of diethylaminoethyl-cellulose (Whatman 52) was prepared according to Whatman specifications and equilibrated with 0.1 M Tris-hydrochloride (pH 8.3) containing 50 mM NaCl. The dialyzed Pel II fraction was applied to the column, followed by 10 ml of the equilibration buffer, and eluted with an increasing linear gradient of NaCl (0.06 to 0.62 M) contained in 0.1 M Tris-hydrothloride (pH 8.3). Fractions of eluate (110 fractions of 6 ml each) were collected at a flow rate of 0.7 ml/min.
The recovered enzyme activity was contained in the 18 ml of eluate in fractions 25, 26, and 27. These fractions were pooled and protein was precipitated by addition of solid (NHJ,)SO, to 75% of saturation. The precipitate was collected by centrifugation at 35,000 x g for 20 min, suspended in 3 ml of 0.1 M Tris-hydrochloride (pH 8.0) containing 10 mM 2-ME, and dialyzed for 10 h against 1,500 ml of the same buffer. The enzyme preparation was assayed immediately (19 IU/mg of protein) and then stored at -20 C. The enzyme had a half-life of approximately 17 days when stored under these conditions. A summary of the purification scheme is shown in Table 1 .
Regulation of ADH activity in growing ceols. Cells of B. licheniformis were grown in flasks of RESULTS Characterization of partially purified ADH. The reductive amination of pyruvate by partially purified ADH and in crude extracts was shown to be highly specific for NADH as cofactor and was NH+4-dependent. NADPH would not replace NADH. There was no detectable oxidation of NADH when either pyruvate or NH,Cl was omitted from the reaction mixture and pyruvate could not be replaced with 2-oxoglutarate. The oxidative deamination of L-alanine. was NAD+-dependent, and NAD+ could not be replaced with NADP+. D-Alanine was not a substrate for ADH but caused strong inhibition of the oxidative deamination of L-alanine ( Table 2 ). The enzyme was inactive below pH 6.5 and above pH 9.9. Maximal activity occured in the range of pH 7.9 to 9.1. The reductive amination of pyruvate was preferred as the standard assay reaction because the initial velocity remained constant for a longer period of time and the initial velocity of amination was greater than that of deamination, thus allowing a more precise determination of enzyme activity.
The apparent kinetic constants of ADH in crude extracts 'and of partially purified ADH were estimated by constructing Woolf plots (3) of saturation curves for NADH, ammonium, pyruvate, L-alanine, and NAD+. Each substrate exhibited saturation kinetics which conformed with the Michaelis-Menten equation. The apparent Km values were estimated from these plots and found to remain essentially unchanged during enzyme purification (Table 3) . The Km value for pyruvate was more than 10-fold lower than that for L-alanine. Maximal velocity (Vmax) values for the reductive amination reaction were approximately 20-fold higher than Vmax values for the oxidative deamination reaction in both crude and partially purified preparations.
Because it was suspected that ADH in B. licheniformis may serve a catabolic role in the metabolism of L-alanine, the sensitivity of the oxidative deamination reaction to reaction products was investigated. Double-reciprocal plots of L-alanine saturation curves showed no apparent inhibition of the oxidative deamination of L-alanine in the presence of 0.68 mM pyruvate (Fig. 1B) . This concentration of pyruvate was approximately twice the estimated Km (0.37 mM) for pyruvate. Ammonium concentrations of 6.7 mM (Km = 12 mM) caused no inhibition of L-alanine deamination (Fig. 1A) . However, inhibition did occur in the presence of a much higher concentration (33 mM) of NH4Cl. This inhibition appeared to be of a non-competitive nature.
Reductive amination of pyruvate by partially purified ADH was inhibited by the reaction product L-alanine (Table 4) . At saturating concentrations of pyruvate (16.7 mM), the reaction was inhibited 25% by 8.3 mM L-alanine. The reaction was nearly totally inhibited by the same concentration of L-alanine when the initial concentration of pyruvate was 0.33 mM (Km = 0.37 mM).
Regulation of ADH activity in growing cells. The specific activity of ADH was deter- Casamino Acids contained at least fivefold less activity than those cultured on L-alanine. Extracts from cells cultured on L-glutamate contained less than one-tenth the activity observed in extracts of L-alanine-grown cells. The addition of 10 mM NH4Cl to cultures growing on individual amino acids or Casamino Acids produced no detectable effect on the levels of ADH activity. Only minimal specific activities were present in extracts of exponential-phase cells grown on L-malate or glucose when ammonium served as the sole nitrogen source. However, the specific activity increased significantly in 5-h postexponential-phase cells cultured on glucose or malate ( Table 5 ). The increase in ADH activity observed in postexponential-phase cells cultured on glucose was investigated further. The specific activity of ADH was measured at several intervals during growth on T-salts-glucose-ammonium medium (Fig. 2) . A steady increase in ADH specific activity occurred during postexponential-phase metabolism after glucose had been exhausted from the medium. The addition of 20 mM L-alanine to a second culture resulted in a rapid increase in ADH specific activity (Fig. 2) . There was a 20-fold increase in ADH specific activity within less than one cell generation (2 h) after L-alanine addition. Glucose was totally depleted from the culture medium during this period. ADH activity in extracts of cells from the (0) and a control culture (0) received no addition. Culture samples were withdrawn just prior to the time of alanine addition and at several subsequent intervals. ADH specific activities were determined in crude extracts of cell samples by using standard assay conditions. Glucose concentration (A) in supernatant samples from the control culture was determined.
control culture, to which no L-alanine was added, showed only a twofold increase during this same period of late vegetative growth. However, a seven-to eightfold increase in specific activity was reached within 5 h after growth was completed in the control culture. This is characteristic of postexponential-phase cells grown on glucose (Table 5) .
The specific activity of ADH also was measured at several intervals during growth on T-salts-L-alanine medium (Fig. 3) . ADH specific activity increased to maximal value during vegetative growth and remained at a high level of activity during postexponential-phase metabolism. When 10 mM glucose was added to a second culture, the characteristic high specific activity of ADH began to decrease immediately. An approximate 50% decrease in activity occured within one cell generation after the addition of glucose. The specific activity in extracts from the control culture (no glucose added) increased approximately twofold during this period. This increase is characteristic of cells during growth on L-alanine ( Extracts of vegetative cells cultured on 0.3% Casamino Acids, which included 0.57 mM L-alanine (12) , contained ADH activities two-to threefold higher than in extracts of cells grown on L-glutamate alone. Moreover, the specific activity in extracts of these cells declined during postexponential-phase metabolism to approximately the same levels as seen in extracts of postexponential-phase cells cultured on glucose, malate, or L-glutamate. Similar intermediate levels of ADH activity were found throughout the growth cycle in extracts of cells grown on glutamate.
The specific activity of ADH was approximately 90-fold greater in extracts of vegetative cells when grown on L-alanine than in extracts of cells grown on glucose. Moreover, the addition of L-alanine to cultures of vegetative cells, when glucose had been nearly exhausted from the growth medium, resulted in an immediate and rapid increase in ADH specific activity. On the other hand, a decrease in ADH specific activity resulted immediately upon the addition of glucose to vegetative cells growing on L-alanine. The specific activity of ADH declined approximately 50% within one cell generation after the addition of glucose, providing strong evidence that ADH is under catabolite repression control in B. licheniformis. This pattern of control is very similar to the regulation of enzymes for arginine and proline catabolism in this organism (8) .
The results from these experiments demonstrate that ADH in B. licheniformis may be regulated in a manner considerably different from the NAD+-dependent ADH reported to occur in B. cereus. McCormick and Halvorson (10) reported that the specific activity of ADH increased during log-phase growth of B. cereus in a yeast extract medium and then declined to minimal activities during sporulation. These authors (10) also reported that the addition of L-alanine had no effect on the level of ADH activity per cell during vegetative growth in the same medium. Our data generally are in closer accord with the work of Buono et al. (2) . These authors (2) demonstrated NAD+-dependent ADH activity in extracts of cells during vegetative growth of B. cereus in glucose-glutamateglycine-salts medium and noted a sharp increase in specific activity during the period of forespore development. 8 Apparent Michaelis constants for substrates of the reactions catalyzed by the partially purified enzyme from cells of B. licheniformis are in close agreement with reported values for NAD+-dependent ADH from B. cereus (11, 12) and from B. subtilis (14, 17) . Kinetic studies showed that the oxidative deamination of L-alanine was not inhibited by concentrations of pyruvate in excess of the Km (0.37 mM) for pyruvate. Concentrations of ammonium ion approaching the Km for ammonium (12 mM) also did not inhibit the deamination of L-ala-nine, although concentrations greater than twice the Km were inhibitory. The reverse reaction catalyzed by ADH (reductive amination of pyruvate) was inhibited strongly by concentrations of L-alanine that are similar to the intracellular concentration reported in growing cells (4) .
Two kinetic factors provide suggestive evidence of a role for ADH in the catabolism of L-alanine rather than in biosynthesis: (i) the relatively high Km for ammonium ion (12 mM) and (ii) the sensitivity of reductive amination of pyruvate to inhibition by alanine. A catabolic role for ADH is substantiated further by the observations that ADH activity was increased at least 20-fold after the addition of L-alanine to growing cells of B. licheniformis, and that the synthesis of ADH activity appeared to be under strong catabolite repression control.
The pathways for entry of either L-alanine or L-glutamate into the tricarboxylic acid cycle during sporulation of B. licheniformis have not been elucidated. These two amino acids are the major components of the combined intracellular and extracellular amino acid pools synthesized during vegetative growth of this organism on glucose and both are consumed rapidly during postexponential-phase metabolism (4). Buono et al. (2) have suggested that L-glutamate may not be oxidized directly via the tricarboxylic acid cycle in B. cereus, but that glutamatepyruvate-transaminase (GPT) and glutamateoxalacetate-transaminase (GOT) may convert L-glutamate into other amino acids needed for spore protein synthesis. These authors (2) reported that activities of both transaminases (GPT and GOT) and of ADH increase significantly during sporulation of B. cereus.
The absence of a "catabolic" glutamate dehydrogenase for the oxidative deamination of L-glutamate to 2-oxoglutarate (13) and the increase in ADH specific activity during sporulation indicate that a role for ADH in the catabolism of both L-glutamate and L-alanine to 2-oxoglutarate and pyruvate may be worthy of further investigation. One possible ADH-dependent mechanism for directing the carbon skeletons of L-glutamate and L-alanine into the tricarqboxylic acid cycle is diagrammed in Fig. 4 . 
